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We used a computer-based prediction algorithm to identify probable coded.cod segments at the N-termini of G protetn t~, ]/and 7 subumts, This 
result indicates that (3 protein tamers may form v~a  three-stranded co ed coil. Previous b~ochem~cal results had shown that ~he N-lermm~ of 
r, and fl are revolved m subunit interactions. Here we present a ~tructural model for the N-terminal domain of P7 and a hypothesis for the rcvcr~ible 
assocmtlon of ,, to PT. 
Coded coil; (3 protein trimeri~ation, (3 protein ~tructure, Transduein,fl?" dimer 
1. INTRODUCTION 
Heterotrimeric guanine nucleotide-binding proteins 
((3 proteins) (reviewed in [1-3]) mediate responses to 
stimuli detected by ceil surface receptors with seven 
transmembrane helices. The nucleotide-binding site is 
located in the a subunit, which associates with ~?' in its 
GDP-bouud form and dissociates when a stimulated 
receptor induces the exchange of GDP for GTP. In the 
active, dissociated form, both a and f17 interact with 
effector proteins such as ion channels or enzymes that 
generate second messengers [4-6]. The G protein deacti- 
vates when the intrinsic GTPase activity of  the ~ subunit 
causes it to hydrolyze the bound nucleotide and reasso- 
elate with fiT. 
The structural basis for interactions between 0~, fl, and 
?" has not been established, but biochemical results sug- 
gest that the N-termini ofct and fl are involved in trinler- 
ization. In the transducin f17 dimer, Cys ao of the 7 sub- 
unit is readily crosslinked to Cys -'5 of the fl subunit [7], 
indicating that T interacts with the N-terminal domain 
of  ft. In several ~ subunits (cx, ~o, 0Q, partial proteo!ysis 
results in the loss of an N-terminal peptide of approxi- 
mately 20 residues; this renders 0~ unable to associate 
with f17 but does not affect its ability to interact with 
guanine nucleotides [8,9]. Association with f17 protects 
the 0~ N-terminus from cleavage [10]. 
We developed an algorithm to predict coiled-coil 
structures from protein sequences ill]. This method 
correctly predicted the coiled-coil domains in GCN4, 
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seryl-tRNA symhase and apolipoprotein E before these 
structures were determined by X-ray crystallography 
[12-14]. A search of GeaBank revealed many additional 
proteins with probable coiled-coil domains, inch;cling 
heterotrimeric G proteins ill]. In these, the predicted 
coiled-coil segments are at the N-termini of  the subunits 
(Fig. 1). In conjunction with previous biochemical re- 
sults, this finding indicates that trimerization depends, 
at least in part, on formation of a three-stranded coiled- 
coil structure, 
2. COILED-COIL SEGMENTS IN ~,fl AND y SUB- 
UNITS 
The highest coiled-coil forming probabilities, in ex- 
cess of 99.9%, are obtained by the N-terminal domain 
of/~ subunits (Meti-Ser 31 in transducin fl). The yeast 
mating type fl subunit Ste4, which shows considerable 
sequence divergence from the otherfl  subunits and con- 
tains 35 additional residues at its N-terminus, is 
predicted to contain a coiled-coil of approximately six 
heptads (Gln23-Leu~5); the last four of these are homol- 
ogous to the lmptads found in the otherfl subunits. The 
35 N-terminal residues of Ste4) which include the first 
two heptads of the predicted coiled-coil, can be removed 
without loss of function [15] indicating that, as in the 
other fl subunits, 4 heptads are sut~cient o form a 
complex with c~ a,:d y 
Coiled-coil forming probabilities for 7 subunits are 
lower than for p subunits and generally do not exceed 
50%. Nevertheless, the probability of 95% obtained for 
T: (Fig. 1) clearly highlights the coiled-coil forming po- 
tential of 7- In all ?" subunits, the first two heptads, 
corresponding to Lys~a-Gly -~ in ~'t, obtain the highest 
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Fig. l. Coiled-coil segments in transduem a (rod and cone), fl, and 7. 
The graphs show the coiled-coil forming probabilities obtmned in 21 
residue scans. The coiled*coil prediction algorithm used [11] is availa= 
ble as a VAX Pascal program from the authors. At the bottom are 
shown the predicted heptads. Two residues not part of the heptad 
repeat are included in lowercase letters in 7, to show Cys ~, which can 
be crosshnked to Cys ~ in ~t (both eystemes are underlined). Charged 
residues in posiuotas e and g are boxed. 
scores and the low probabilities are mainly due to the 
third heptad that tends to diverge significantly from the 
co,led-coil consensus. As in fl subunits, the yeast mating 
type 7 subunit, Stel8, is the most divergent of all se- 
quenced 7 subunits and contains a coiled-coil of 5-6 
heptads (Glnlg-Ala ~) with a discontinuity after Lys ~s. 
The ~ subunits scores show the greatest variability: 
only about half of  the analyzed ~ subunits obtain prob- 
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Fig. 2. Coiled-coil segments in mammahan (3 protein u subumts. The probable first fl strand in the guanine nueleotide.binding domain [16,17] is 
shown as p,8,Sfl/~/~. Predicted coiled-coil segments are shown bold in uppercase l tters; P(21) probabilities were: G, 89%, Go 79%, T~ 62%, T, 96%, 
Gq 83%. Coiled-coil segments were also detected with significant probabihties in non-mammahan G g subunits from Arabtdopsis thahana, 
Caertorhabditts elegatts, Dycttostel/um dtseotdeum and Saecharomyees cerevtsiae. Two residues that are highly conserved in all G a subunits are 
boxed. Arrowheads mark the positron of proteolytie cleavage in Go and T¢ [8]. 
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Fig. 3, Stereo-views of a model for the predicted coiled-coil in 
transduein fl~', showing residues 3-28 offlt and 11-36 of 7t. In (a) the 
complete model is shown with Cys :~ of fit and Cys ~ of ~t bold The 
residues forming the hydrophobic core (positions a and d) are shown 
in (b) and residues forming salt bridges at the interface of the dimer 
(fl~-~12-TJ~-TJ6; ,6,-71 t; flL0-~'~; fllr-Tta; fl2:-~'.~-?'2,~) are shown in (c), 
The model was built in INSIGHT/DISCOVER (Biosym. San Diego, 
CA) using rebldues 1-26 of the GCN4 leucine zipper domain [12] as 
a coiled-coil template and enerogY-mmimized with the CVFF forge 
field, ezphcit solvent, and a 10 A cutoff or nuaboJ,ded int~ractioias. 
PDB format coordinates are available from the authors. 
abilities higher than 50% and the probabilities vary 
widely between members of  the same ~ subunit class 
(Fig. 2). Nevertheless, although 0~ N-terminal sequences 
are highly divergent, they share a conserved underlying 
heptad periodicity: all ~t subunits with discernible 
coiled-coil segments were assigned the same heptad 1e- 
peat frame, except yeast Gpal  (Fig. 2). Also, the struc- 
tural assignment o f  these sequences to coiled-coils is 
supported by their 0~-helical character in secondary 
structure analysis [16,17]. Finally, experimental evi- 
dence strongly supports a role for these sequences in 
trimerization. 
3. A MODEL FOR THE fly N-TERMINAL  DO- 
MAIN 
We used the sequences of  transducin fl and y to build 
a structural model for the N-terminal domain of  the fly 
dimer (Fig. 3). The proposed interface shows surprising 
similarity to the interface of the GCN4 leacine zipper 
domain [12], including a preference for fl-branched res- 
idues in position = and 7-branched residues in position 
d (Fig. 3b), and a large number of  interchain ionic inter- 
actions between residues in position g of  one heptad and 
e of  the next heptad (Fig. 3c). As predicted from theoret- 
ical considerations [18] and confirmed in the structure 
of GCN4, no ionic interactions are observed between 
residues in e and g of  the same heptad. Unlike GCN4, 
the f17 dinaer contains two charged residues in the hy- 
drophobic ore which are contributed by the 7 subunit 
(Lys l-~ in a and Glu 29 in at). These bend out of  the core 
and are stabilized by interactions with Glu 3 and Arc 2-~ 
of the fl subunit. Similar interactions may stabilize the 
two lysine residues contributed by Fos to the hydropho- 
bic core of" the Fos-Jun leucine zipper [19]. 
We tested the quality of our structural model with the 
method of  Ltathy et al. [20] and obtained an average 
3D-1D score per residue of  0.32; this score is compara- 
ble to scores obtained by NMR structures and is equal 
to the best score for a computationally determined 
structure. Our naodel is further supported by a cross- 
linking experiment, in which Bubis and Khorana [7] 
used a chemical oxidizer, Cu-l,10-phenanthroline, to 
induce a disulfide bond between Cys 25 offl~ and Cys ~6 
of  ,~t, demonstrating the close proximity of these resi- 
dues in the fl~, dimer. In our model, the sulfur atoms of  
the two cysteines are only 5.3 A apart, one in position 
a and the other in position d of  the hydrophobic ore 
(Fig. 3b). 
It appears unlikely that the exceptional stability of  the 
f17 dimer [21] could be provided entirely by a coiled coil 
of  only 4 heptads. Recently, Pronin and Gautam [22] 
showed that 71 does not bind to fl:, but binds to a 
chimeric fl~--fll protein containing only the 59 N-termi- 
nal residues offl2. This experiment mdicates that other 
regions in fl and 2, interact and contribute to the overall 
stabihty and specificity of  the dinaer. 
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Fig. 4. Schematic model for the reversible association of a toffy. The 
arrow indicates the site of proteolytic leavage in the monomeric 
subumt that is protected inthe trimer. A polyisoprcnoid l pid attached 
to a C.terminal cysteine in the ~,-subunit is also indicated. This grotto 
is required For the association of,d?' with membranes [26]. 
Although coiled-coil segments were predicted in cz,, 
and ctt~ with significant probabilities, an a subunit was 
not included in the model because it is unclear to which 
side of  the fl? dimer it binds and whether the interaction 
is parallel or antiparallel. Although a parallel arrange- 
ment would be canonical, the distribution of charges in 
positions e and g indicates that the association of ~z to 
,87' is antiparailel (Fig. 1). An analogous heterotrimeric 
structure with two parallel strands and one antiparallel 
strand has been proposed for the tropomyosin-tro-  
ponin T complex [23], 
4. THE REVERSIBLE  ASSOCIAT ION OF a TO ,87' 
The relatively low coiled-coil probabilities for the a 
subunit N-termini may reflect their potential to assume 
two different confon'nations, one of  which is not a 
coiled-coil structure: while fl and 7' form a permanent 
dimer and are insoluble when not eoexpressed [24], pre- 
sumably because of ir~correct packing of  the undimer- 
ized coiled-coil helices, cx subunits are stable both in 
heterotrimeric and monomeric form and appear to un. 
dergo a stabilizing conformational change when they 
disnoeiate from fiT'. This eonformational change ex- 
poses a site in their N-terminal domain to proteolytie 
cleavage; the site is located in the most strongly con- 
served region o f  the a N-termini, between two invariant 
aliphatic residues (Fig. 2). This site may form a revers- 
ible discontinuity that is induced by the exchange of 
GDP for GTP,  facilitating dissociation from fly and 
permitting a compact packing for the cz N-terminal do- 
main after aissociation (Fig. 4). 
5. CONCLUSION 
Recent research has shown that the short coiled-coil 
domains found C-terminal to the DNA-binding do- 
mains in leucine-zipper transcriptional activators are 
essential for the formation of a large number of  hetero- 
dimeric combinations with different promoter specifici- 
ties [25]. Heterotrimeric G proteins may use the same 
mechanism to generate a spectruna of regulatory speei. 
ficities. Coiled-coils have a small repertoire of  periodi- 
cally recurring interactions and are therefore particu- 
larly well suited to provide the relatively loose specificity 
required for such combinatorial systems of interacting 
proteins. 
A.-knowledgements. We thank T. Alber for the GCN4 leucme zIpper 
coordinates, and C. Volker and M. Surette for their help with the 
man a~cript. 
REFERENCES 
[I] Simon, M.I., Strathmann, M.P. and Gautam, N (1991) Science 
252, 802-808 
[2] Gdman, A (1987) Annu. Rev. Biochem. 56, 615-649. 
[3] StD, er, L. and Bourne, H R. (1986) Annu. Rev. Cell Biol 2, 
391-419. 
[4] Federman, A.D, Conklin, B.R., Schrader, K A., heed, R.R. and 
Bourne, H R. (1992) Nature 356, 159-161 
[5] Tang, W.-L and Oi]man, A.G. (1991) Science 254, 1500-1503. 
[6] Blumer, K.J. and Thorner, J. (1991) Anna. Rev. Physiol. 53, 
37-57. 
[7] Bubis, J. and Khorana, H.G. (1990) J Blol. Chem. 265, 12995- 
12999. 
[8] Neer, E.J., Pulsifer, L. and Wolf, L.G. (1988) J. Biol. Chem. 263, 
8996-9000. 
[9] Journot, L., Pantaloni, C., Bockaert, J. and Audi~ler, Y. (1991) 
.1. Biol. Chem. 266, 9009-9015. 
[lt'l] Navon, S.E. and Fang, B.K.-K. (1987).1. Biol. Chem. 262, 15746- 
15751. 
[11] Lupas, A., Van Dyke, M. and Stock, J. (1991) Science 252, 1162- 
1164. 
[12] O'Shea, E.K., Klemm, J.D., Kim, P.S. and Alber, T. (1991) Sci- 
ence 254, 539-544. 
[13] Cumck, S., Berthet-Colominas, C., H~rtlein, M., Nassar, N. aqd 
Leberman, R. (1990) Nature 347, 24g-255. 
[14] Wilson, C., Wardell, M.R., Wcisgraber, K.H., Mahley, R.W. and 
Agard, D A. (1991) Science 252, 1817-1822. 
[15l Cole, G.M. and Reed, S.I (1991) Cell 64, 703-716. 
[16] Masters, S B., Stroud, P.M. and Bourne, H.R. (1986) Protein 
Eng. 1, 47-54. 
[17] Holbrook, S.R. and Kim, S.-H. (1989) Proe. Natl. Acad. Sei. 
USA 86, 1751-1755. 
[18] McLachlan, A.D. and Stewart, M (1975) J. Mol Biol. 98, 293- 
304. 
[19] Krystek, S R, Bruccolen, R.E. and Novotn~, J. (1991) Int. J. 
Peptld¢ Protein Res. 38, 229-236. 
[20] Ltith2¢, R.. Bowie, J U and Eisenberg, D. (1992) Nature 356, 
83-85. 
[21] Fung, B K.-K. (1983) J, Biol. Chem 258, IU495-10502. 
[22] Pronin, A.N. and Gaut~m, N. (1992) Proc. Natl. Acad. Scz. USA 
89, 6220-6224. 
[23] Na_~ano, K. et al. (1980) J. Mol. Biol. 141,217-222. 
[24] Schmidt, C.J. and Neer, E.J. (1991) J. Biol. Chem. 266, 4538- 
4544. 
[25] Hai, T., Lia, F., Coukos, W.J. and Green, M.R. (1989) Genes 
Dev. 3, 2083-2090. 
[26] Simonds, W.F., Butrymki, J.E., Gautam, N., Unson, C.G. and 
Spiegel, A.M. (1991) J. Biol. Chem. 266, 5363-5366. 
!08 
